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Abstract

A global methodology for the rheological design of profile extrusion dies is proposed. This methodology accounts for: (i) flow defects
due to maximum admissible stresses, pressure drop and melt temperature increase; (ii) post-extrusion phenomena (shrinkage upon cooling,
draw-down promoted by pulling and swelling after die exit) and (iii) flow balancing. The part of the methodology, that is concerned with
flow balancing, was implemented and is here illustrated in two case studies, each one leading to the adoption of a different constructive
solution. The software is based on a finite-volume method, which performs the required three-dimensional simulations, and is also briefly

described. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The performance of extrusion dies depends, amongst
other things, on the rheological design of the flow channel
and on the operating conditions adopted during extrusion.
An adequate design must guarantee the production of the
required profile (in terms of geometry and dimensions) at
the highest possible speed and quality. This requires the
minimum possible level of internal stresses and the avoid-
ance of rheological defects (e.g., shark skin and melt frac-
ture) and thermal degradation of the melt. To fulfil these
objectives the rheological design of these extrusion tools
must consider:

1. the maximum flow rate above which there is shark skin
at the die exit,

2. the maximum angle of convergence above which melt
fracture in extension-dominated flows occurs,

3. the correction of the cross-section of the parallel zone to
anticipate post-extrusion effects,

4. the design of the final die zone required to balance the
flow at the die exit, i.e., to attain the same average melt
velocity in the various parallel zones of the die exit
cross-section, in order to minimise the development of
internal stresses,

* Corresponding author. Fax: 4+351-253510249.

5. the control over both the total pressure drop and the
appearance of hot spots (local increases in melt
temperature) resulting from internal viscous dissipation.

The viscoelastic behaviour of the polymer melts and the
large number of phenomena and restrictions involved makes
this a very complex task, which is strongly dependent on the
designer knowledge and experience and often requires
several trials. Considerable gains are to be expected from
the use of adequate computational tools, but despite the
availability of some commercial software for the numerical
prediction of polymer melt flows through extrusion dies [1-
5], its application still requires the user to take decisions in
order to generate the successive trial geometries until a final
reasonable solution is achieved. Furthermore, the commer-
cial codes usually do not include all the relevant phenomena:
for example, it is already possible to solve the inverse
problem in die-swell, i.e., to guess the contour of the die
land required to produce a given profile [6,7], but without
considering the effect of draw-down and the need of flow
balancing, which only recently has been addressed in the
literature [8—11]. At the same time these computational tools
are usually not user-friendly and require large CPU times,
which are incompatible with the industrial need of swift
calculations. The global automatic optimisation of extrusion
die design still remains a challenge [11] and it is the purpose
of this work to contribute to further developments of auto-
matic die design tools.
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In this work, a global methodology for the rheological
design of profile extrusion dies is proposed. It not only
includes the most relevant phenomena involved but also
makes use of some practical know-how in order to guar-
antee the achievement of a realistic solution. The structure
adopted is adequate for its future inclusion in an automatic
process of optimisation of the flow channel geometry. A
‘first guess’ is based on analytical calculations, and is
followed by numerical simulations aimed at refining the
solution, in order to increase the efficiency of the optimi-
sation process. The numerical calculations of the flow field
are based on a finite-volume code for the solution of the
mass, momentum and rheological constitutive equations
[12]. This code solves the three-dimensional flow of New-
tonian, generalised Newtonian or more complex viscoe-
lastic fluids (the user-selected constitutive equation) and it
significantly contributes to reduce the time required to
perform all the simulations needed to achieve the geome-
trical solution.

The next section defines the major geometrical compo-
nents of a die and gives an overview of the global metho-
dology required to undertake its rheological design, which
constitutes the main contribution of this work. In Section 3,
the numerical code used to perform the simulations is
described in more detail. In Section 4, the part of the
methodology concerning flow balancing is applied to the
design of some profile extrusion dies the results of which are
presented and discussed in Section 5. The paper ends with a
summary of the main conclusions.

. Adapter(a)

Flow

2. Methodology

The design of an extrusion die is an iterative process,
made of several main steps: it starts with a tentative defini-
tion of the exit shape and dimensions (die lips) and pro-
gresses upstream to end at the entrance (discharge zone of
the extruder). Each step of this process is associated with a
particular geometrical zone, namely the die land or parallel
zone (PZ), the pre-parallel zone (PPZ), the transition zone
(TZ) and the adapter (A), all shown in Fig. 1.

The parallel, transition and adapter zones are present in
almost all conventional dies. Since the flow balancing
cannot be attained by modifications performed in the die
land cross-section, as that would change the extrudate
dimensions, in the present methodology a pre-parallel zone
was inserted between the transition and the parallel zones.
The pre-parallel zone is convergent and, as the parallel zone,
it is very restrictive to the flow. The insertion of that zone
facilitates the local control of the flow resistance and will not
influence the final extrudate dimensions if a sufficiently long
parallel zone is provided. The controllable geometrical
parameters of the pre-parallel zone are those shown in
Fig. 2: (L) length with constant thickness, (x) angle of
convergence and (f,/t;) compression ratio.

The design algorithm, depicted schematically in Fig. 3,
shows the four main tasks of the proposed methodology. In
Task 1, the first trial geometry of the parallel and pre-parallel
zones is established using analytical relations. For this
purpose, the cross-section of the parallel and pre-parallel

Transitian zone (TZ)

Pre-Parallel Zone (PPZ)

Pre-Parallel Zone (PZ)

Fig. 1. Flow channel of a profile extrusion die split in the main geometrical zones.
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Fig. 2. Side view of the flow channel illustrated in Fig. 1 showing the geometrical controllable parameters considered in the definition of the pre-parallel

zone.

zones is divided into elemental sections (ESs) (see Fig. 5(a)
for an example). Then, assuming that the flow is balanced,
the cross-section of the parallel zone is iteratively defined
anticipating for the effects of post-extrusion phenomena and
based on the maximum flow rate imposed by the maximum
shear stress of the polymer melt (t.;) and/or by the max-
imum admissible pressure drop. The initial trial length of
each elemental section of the parallel zone is then computed
in order to approach the assumed flow balanced condition.
Finally, the initial geometry of the flow channel is created using
a pre-defined compression ratio (or entrance thickness, 7,)
and a convergence angle dictated by the maximum admis-
sible normal stress of the melt (o). As a first attempt the

Establishing the first trial
geometry of ‘PPZ+PZ’

!

Establishing the final geometry
of ‘PPZ+PZ’: flow balancing

!

Checking cross
section of ‘PZ’

Task 2

-
=< Establishing the final
& geometry of “TZ+A’

Fig. 3. Main steps involved in the design of an extrusion die.

constructive solution adopted should be the conventional
one, i.e., flow channel without separating walls to avoid the
formation of weld lines.

Task 2 consists of the iterative definition of the geometry
of the pre-parallel zone required to balance the flow, using
numerical modelling of the flow on the pre-parallel and
parallel zones. If the final balanced geometry results in
parallel zones that are too short to allow the relaxation of
the stresses developed in upstream convergent zones,
another constructive solution must be sought with the allo-
cation of separating walls between the most critical ele-
mental sections. These flow separators start at the entrance
of PPZ and end some millimetres before the die exit [13].
This second constructive solution enables the independent
control of each elemental section [9,10], but it shall be
avoided whenever possible as it induces the formation of
weak weld lines close to the die exit, affecting the mechan-
ical performance of the extruded profile.

After reaching the required flow balance, the cross-sec-
tion of the parallel zone previously established is checked
(Task 3) by performing a numerical simulation of the flow in
the pre-parallel and parallel zones and free surface.

Finally, in Task 4, the transition zone and adapter are
generated and a final global check is carried out.

The global methodology presented in Fig. 3, is shown in
more detail in Fig. 4. It includes the input data, the sequence
of calculations, the conditions to check and actions to take
whenever the limiting conditions are exceeded.

The main steps of the flowchart in Fig. 4 (numbered from
1 to 16) are described as follows:

Task 1 — Establishing the first trial geometry of
‘PPZ + PZ’.
Step 1. The cross-section of the parallel zone is
considered equal to that of the profile to be extruded
and is divided in elemental sections (ESs).
Steps 2/3. The initial flow rate to be used in the
calculations is defined in several steps. The maximum
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Fig. 4. Detailed flow chart of the design process depicted in Fig. 3.

flow rate in each ES is determined by the critical shear
stress of the melt, via an analytical approach [14],
considering a one-dimensional isothermal flow in the
slit. Assuming flow balance, the relative flow rate in
each ES is determined allowing the identification of

the critical one, its maximum flow rate and, therefore,
the corresponding flow rates in the remaining ES. The
dimensions of the cross-section of each ES of the
parallel zone defined in Step 1 are now analytically
modified using the corresponding local flow rates and
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analytical relations to anticipate the effects of the post-
extrusion phenomena [14]. These calculations are
necessarily iterative due to the interdependence
between extrudate cross-section and flow rate.

Step 4. Analytical calculation of the relative length of
each ES of the parallel zone in order to ensure the
same pressure drop for all the paths at the correspond-
ing prescribed local flow rates, considering a one-
dimensional flow of a power-law fluid in a slit.

Step 5. Determination of the absolute length of each
parallel zone, considering the limiting value of the
ratio between length (L) and thickness (7) [13]. This
ratio is generally high (between 7 and 15), allowing
for consideration of a die-swell essentially dependent
on the shear flow occurring at the PZ and, therefore,
less sensitive to variations in operating conditions
and almost independent of the extensional flow
occurring upstream at the PPZ. This limiting value
of L/t is, therefore, dependent on the maximum
relaxation time of the melt and the residence time in
the PZ.

Step 6. Definition of the first trial of the selected
constructive solution to be adopted. It must provide
the possibility of changing independently the length
and dimensions of the elemental sections of the
parallel and pre-parallel zones. The initial constructive
solution should be the conventional one, i.e., without
separating walls.

Step 7. Definition of the first trial geometry of the die
exit zone, i.e., pre-parallel zone (PPZ) and parallel
zone (PZ). To avoid the occurrence of melt fracture,
the maximum convergence angle of each section of
the PPZ is determined analytically using the criteria of
the critical normal stress of the melt [14,15].

Task 2 — Establishing the final geometry of

‘PPZ + PZ’: flow balancing.
Step 8. Generation of the computational grids for the
flow domain ‘PPZ + PZ’ and corresponding numer-
ical simulation of the flow to determine the local flow
fields. From the local flow fields the zone bulk
velocities can be determined. Ideally, the numerical
simulations must be carried out considering a three-
dimensional non-isothermal flow of viscoelastic
fluids.
Step 12. If necessary, new adjustments of the length of
PZ and/or dimensions of PPZ should be carried out to
balance the flow.
Step 13. If the ratio L/t of any elemental PZ becomes
lower than a minimum limiting value, the solution of
the problem is restarted, considering another type of
constructive solution such as the allocation of flow
separators between some or all the ES.
Step 14. If the critical normal stress of the melt, o, 1S
exceeded, the convergence of the PPZ must be
reduced.

Task 3 — Checking the cross-section of PZ.

Step 9. After checking/correcting for admissible
conditions on pressure drop, temperature increase,
shear stress and normal stress, flow balancing
requirement and impossibility of increasing the flow
rate, a numerical simulation of the flow in the domain
‘PPZ + PZ + FS (free surface)’ must be performed in
order to check the final dimensions of the extrudate.
The FS zone should only be included at this stage in
order to increase the efficiency of the process,
reducing the total time required to perform the
simulations.

Step 15. If the dimensions of the extrudate are outside
specifications, the cross-section of the parallel zone
must be changed.

Task 4 — Establishing the geometry of ‘TZ + A’.
Step 10. If the extrudate dimensions are within the
tolerances previously defined, the next step will
consist on the automatic definition of the geometry
of the transition zone (TZ) and adapter (A).
Step 11. At this stage a global numerical simulation
must be performed in the global flow domain
‘A4 T + PPZ + PZ + FS’. The adapter and transition
zone are only considered at this stage because they are
not expected to significantly influence the die
performance.
Step 16. If the critical normal stress of the melt, o, is
exceeded, the convergence of the adapter must be
reduced.

This methodology is currently being implemented and in
this work only the initialisation and flow balancing proce-
dures (Tasks 1 and 2) are tested. Considering this objective,
in the case studies used for this purpose the fluid is modelled
considering an isothermal generalised Newtonian constitu-
tive equation, an option that does not affect the generality of
the test performed.

3. Outline of the numerical procedure for calculating
the flow field

As described in the previous section, the flow field needs
to be calculated in steps 8, 9 and 11 of the methodology. This
is accomplished by a self-contained part of the code that has
been developed for the computation of viscoelastic flows
and is described and tested in detail in a series of papers
[12,17,18], which the reader should consult for detailed
information. Here, we just give a quick overview of the
calculation procedure, which solves a set of equations for
fluid flow.

The basic equations to be solved are those expressing
conservation of mass

auy

oy M
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of linear momentum

Opu; = Opuju;
ot (9xj

op Ot
== 2
8)6,‘ + 8)6]‘ ( )

and a constitutive rheological equation for the stress field ;.
In these equations, u; is the velocity component for the
Cartesian axis, p the fluid density and p an isotropic pres-
sure. In the present computations the generalised Newtonian
rheological constitutive equation was considered

o . 814,‘ (911, 2 . 8uk
T =n(7) (8_x]+8_xl> n(y) o

3
where # is the dynamic viscosity of the fluid. The velocity
divergence in the last term vanishes for incompressible
flows, but is kept in the code for stability reasons. The
dynamic viscosity is a function of the second invariant of the
rate of deformation tensor y = V2 tr D> where

- 1 8u,- Buj

(€)

and 7 in the specific tests of this paper is given by the Bird—
Carreau equation [19]

Mo — Neo
(14 ()12

where 7., and 7 are the limit viscosities for high and low
shear rates, respectively, 4 a time constant and n the flow
index.

In this first work, isothermal conditions are assumed and,
therefore, there was no need to solve the energy equation. In
the future these assumptions will be relaxed to allow for
viscoelastic melt flow in the die and non-isothermal condi-
tions with the inclusion of the energy conservation equation
with provision for viscous dissipation.

These equations were transformed into a general, non-
orthogonal coordinate system for calculating the pressure,
the Cartesian velocity components and the Cartesian stress
tensor components. The resulting differential transport and
constitutive equations were then discretised following the
finite-volume approach of Patankar [20], but adapted for
collocated, non-orthogonal grids, as described in Oliveira
[16]. To this aim, and prior to discretisation, the equations
are integrated over control volumes (CVs) forming the
computational mesh and are thus transformed into algebraic
equations which relate values of velocity, stress and pressure
at a given CV to values at surrounding CVs. The resulting
algebraic equations for velocity and stress have the form

apdp = Zaqu’)i,nb + Su? (6)
nb

n) =ne + 5)

where ¢; p represents a velocity or stress component at the
central node of the control volume P, as a function of the
neighbour values ¢; .. The coefficients of the algebraic
equations are aﬁ and afb, which depend on the particular
variable of the equation (velocity or stress components) and

of the computational molecule, i.e., the interpolation and
discretisation schemes used to calculate face values and
derivatives of ¢, respectively. The independent term is
represented by Su?.

The description of the computational rheology code is
rather long. It is a self-contained programme which has been
described and tested elsewhere [12,17,18] and therefore the
reader interested in further details should consult those
references. Here, it suffices to say that the discretisation
and interpolation schemes are based on the second-order
central differencing scheme and the deferred correction
approach was used for the convective terms in the momen-
tum equations, in order to ensure numerical stability. Note
that, since the constitutive equation (Eq. (3)) is explicit on
the stress, its components are immediately calculated from
previous iteration values of the velocity field. The solution
algorithm was a modified version of the SIMPLEC algo-
rithm of van Doormal and Raithby [21] adapted for time
marching as explained in Issa and Oliveira [22], where
details can be found of the particular procedure used to
evaluate mass fluxes at cell faces. The linearised algebraic
equations for the three Cartesian velocity components are
first solved sequentially, with a bi-conjugate gradient
method, and where the pressure-gradient term is based on
pressure values from the previous time-step. These pressures
are then corrected in such a way that forces the velocity field
to satisfy the continuity equation. The overall algorithm is
thus based on successive applications of momentum pre-
dictors, followed by pressure/velocity correctors, until a
steady-state solution is achieved. To monitor convergence
to a steady solution, the norms of the residuals of all the
discretised equations are required to fall below a relative
tolerance of 10™*,

Three-dimensional grids were required for these simula-
tions which were sufficiently fine to capture the main flow
characteristics and to show the feasibility of the methodol-
ogy. Typically, for an elemental zone having a thickness of
1 mm, width of 5 mm and length of 10 mm, a grid of
6 x 30 x 60 uniform CVs was used. Fig. 5(c) shows a
typical mesh used in the calculations with the geometry
depicted in Fig. 5(a) and (b).

4. Case studies

The polymer used in the simulations was a polypropylene
homopolymer extrusion grade, Novolen PPH 2150, from
Targor. Its rheological behaviour was experimentally char-
acterised by capillary and rotational reometries, at 230°C,
and its shear viscosity was least-squared fitted by a
Bird—Carreau constitutive equation (Eq. (5)) that produced
the following parameters: 1., (Pas) = 0, 5, (Pas) = 5.58 %
10%, /4 (s) = 3.21 and n = 0.3014.

The performance of the methodology proposed for flow
balancing (Task 2) was assessed by testing the design of two
similar extrusion dies for the production of cross shaped
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Fig. 5. Flow channel of the profile die used as a case study (dimensions in mm): (a) cross-section of the parallel zone (PZ) and elemental sections (ESs)

considered; (b) side view; (c) typical mesh used in the calculations.

profiles, called Cross-B die and Cross-U die. The profiles
have the parallel zone cross-section depicted in Fig. 5(a)
with three legs having a thickness of 2.0 mm and a thinner
fourth leg of thickness 7. The different thicknesses of the legs
result in an unbalanced flow because the thinner leg is more
flow restrictive. The difference between the two dies con-
cerns the thickness of the thinner leg (¢ in Fig. 5(a)), which
has the value of 1.8 mm for Cross-B die and 1 mm for Cross-
U die. From a flow-balance point of view, the former is

expected to be almost balanced (Cross-B), and the latter
strongly unbalanced (Cross-U).

A flow rate was imposed corresponding to an average
velocity of 100 mm/s at the die exit and the flow was
considered isothermal. Considering the objective of these
case studies, the simulations of the flow were only per-
formed in the die zones relevant for this purpose, i.e., PPZ
and PZ, as determined by the proposed methodology. The
geometry of the die was considered similar to the one shown
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in Figs. 1 and 2. In a previous work [23], it was concluded
that the parameter that most influences the flow balance is
the length with constant thickness (L). As a consequence,
the other dimensions of the PPZ, defined in Fig. 5(b), were
fixed (entrance thickness: 3 mm for all legs; convergence
angle (a): 30°), i.e., only the lengths L; of each ES needed
to be determined. In each iteration the correction of each
ES length was based on the ratio between the computed
and required average velocities: when the calculated velo-
city was higher than the required, the ES length was
increased in order to augment the flow restriction, and
vice versa. The maximum and minimum admissible values
for ratio L/t were considered to be 15 and 1, respectively.
As stated before (Step 5 of the methodology), L/t values
below 7 are not advisable. However, it would not be
prudent to reject a trial geometry perfectly balanced having
a L/t slightly lower, since the limit values are merely
dictated by industrial practice. Therefore, in this work
the quality of each geometry is assessed by a function
(objective function, F,;), which combines the two indi-
vidual criteria (flow balancing and ratio L/f) affected by
different weights:

i=1

with k=0 for (L/t); > (L/t),, and k=1 for (L/t); <
(L/1)gp> Where V,, and V; are the average velocities of
the extrudate and of the flow in each ES, respectively,
(L/t); the ratio between length and thickness of each ES,
(L/t)op the optimum value for the ratio L/t (considered to be
7), and o the relative weight (considering the higher relative
importance of the flow balance criterion, o« was considered to
be 0.75).

The value of the objective function decreases with
increasing performance of the die, being zero for a balanced
die having all the ES lengths in the admissible range.

A routine was also developed for the automatic definition
of the geometry, which then served as input to the existing
pre-processor of the computational rheology code that gen-
erated the computational grid required for the numerical
flow simulations. The developed routine, the pre-processor
and the CR code were integrated smoothly as part of the
whole die design code.

5. Results and discussion

Initially, the parallel zone cross-section was divided in
four elemental sections, ES1-ES4, as shown in Fig. 5(a).
Note that the region defined by the intersection of the four
legs was not considered as an independent zone due to the
impossibility of controlling independently its geometry.
However, this zone will also become balanced when the
average flow velocity in all the elemental sections, ES1-4, is
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Fig. 6. Results of simulations performed in successive iterations for Cross-
B die: (a) objective function; (b) ratio length/thickness of the parallel zone
of each elemental section; (c) relative average velocity in each elemental
section.

equal to the extrusion average linear velocity. Given the
symmetry of the cross-section, the flow through ES3 and
ES4 is similar and the corresponding results are presented
together.

The results obtained for the Cross-B die are illustrated in
terms of objective function in Fig. 6(a), ratio L/t in Fig. 6(b)
and relative average velocity in Fig. 6(c). As indicated by the
objective function, the best solution is obtained around
iteration 4 with a value of just under 0.1. However, it must
be noted that even in this case the best solution for the flow
balance is a geometry having very small L/t ratios (iteration
20 in Fig. 6(b) and (c)), which corresponds to a high value of
the objective function (see Fig. 6(a)). That is a consequence
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Fig. 7. Results of simulations performed in successive iterations for Cross-
U die: (a) objective function; (b) ratio length/thickness of the parallel zone
of each elemental section; (c) relative average velocity in each elemental
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of the small restriction imposed by the intersection zone,
which induces the progressive reduction of the length of all
neighbouring ES in order to avoid fluid coming into that
zone.

For the Cross-U die the results of the simulation are
presented in Fig. 7 in a similar way to that of Fig. 6. It
can be concluded that for the Cross-U die the algorithm was
unable to reach a realistic geometrical solution, as shown by
the relatively high (0.3) minimum value of the objective
function. In fact, the thinner section (ES1) remains too
restrictive even when an unacceptable low value of L/t is
considered. As a consequence, another constructive solu-

(b)

Fig. 8. Cross-section of the parallel zone before the junction of the
independent streams: (a) Cross-Ul solution, using one flow separator; (b)
Cross-U2 solution, using three flow separators.

tion, involving the allocation of flow separators, was tried
and the two possibilities shown in Fig. 8§ were considered:
Cross-U1 solution uses one separator to isolate the critical
sub-section (ES1), whereas in Cross-U2 three separators are
used to isolate all the ES and to eliminate the intersection
region.

The results obtained with the Cross-Ul geometry are
plotted in Fig. 9 and show that around iteration 5 the flow
is almost balanced using L/t values within the admissible
range, corresponding to a value of around 0.05 for the
objective function. However, due to the existence of an
intersection zone there is a progressive reduction of the
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Fig. 9. Results of simulations performed in successive iterations for Cross-
Ul solution: (a) objective function; (b) ratio length/thickness of the
parallel zone of each elemental section; (c) relative average velocity in
each elemental section.

length of all ES in the subsequent iterations, as happened
before with geometry Cross-B, leading to the increase of the
objective function. With the Cross-U2 geometry this pro-
blem was solved with the suppression of the intersection
zone along the paths defined by the separators. In this
particular case it was possible to generate successive
better geometries and to reach a well balanced final
solution, within the pre-defined L/t limits, with the lowest
value of the objective function (around 0.01), as shown in
Fig. 10.

Contours of the axial velocity are shown in Fig. 11 for
three cases: the initial iteration used with Cross-U die and
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Fig. 10. Results of simulations performed in successive iterations for
Cross-U2 solution: (a) objective function; (b) ratio length/thickness of the
parallel zone of each elemental section; (c) relative average velocity in
each elemental section.

the best results obtained for Cross-U1l and Cross-U2 solu-
tions. The progression from a strongly unbalanced situation
(Cross-U) to an almost balanced case (Cross-U2) is well
shown.

It should be noted that the Cross-U2 alternative, despite
being the most balanced case, does not guarantee the best
solution from the mechanical point of view, as it promotes
the formation of several weld lines. The lateral flow that
takes place after the junction of the independent streams, just
before the die exit, will contribute to enhance the strength of
the weld lines, but it may be insufficient to guarantee the
adequate mechanical performance of the extrudate.
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©

Fig. 11. Contours of the axial velocity (m/s) computed for: (a) initial trial
geometry (iteration 1) of Cross-U die; (b) best result (iteration 5) obtained
for Cross-Ul solution; (c) final geometry (iteration 21) of Cross-U2
solution.

6.

Conclusions

In this work the main steps needed for the automatic
design of extrusion dies for profiles have been identified and
a general methodology to perform this task is presented. The
methodology does not yet include an optimisation algo-
rithm, but already uses a 3D computational code for per-
forming numerical simulations of the flow. This code is
capable of viscoelastic computations although the predic-
tions here were based on inelastic shear-thinning fluids. In
this paper only the part of the methodology related to flow

bal
the

ancing was tested successfully. To assess the quality of
calculated geometries an objective function that takes

into account the flow balancing and the ratio L/t of the
parallel zone was used and the main results were the
following:

1.

2.

The insertion of a pre-parallel zone proved to allow the
systematic search of a flow balanced geometry.
Accentuated differences in thickness among the chan-
nels of a cross-shaped die lead to very short parallel
zones, therefore requiring the allocation of flow
separators between the more restrictive sections. This
practice may be needed even for apparently balanced
geometries that have low flow restriction (intersection)
zones.

. The insertion of flow separators was shown to be a good

solution in terms of flow balancing, but it must be well
pondered in order to minimise the risk of mechanical
failure of the extrudate.

The objective function proposed has shown to be an
adequate method for quantitative evaluation of the
performance of the extrusion dies used in this work.
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